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NE of the most important considerations in the 
design of highway embankments is the amount of 
settlement that may be expected. Methods of 
estimating settlement caused by soil consolidation due 
solely to loss of water from compressible foundation 
soils have already been described.' The present report 
is chiefly concerned with settlement resulting from 
lateral displacement of soil, designated as S;, as dis- 
tinguished from settlement caused by consolidation, 
designated as Se. 

The question of ultimate supporting power has been 
considered at length in three previous publications ? * * 
and the analyses are made with reference to ultimate 
fill loads that will cause the supporting earth to fail 
completely, that is, deform without any definite limit. 
Obviously, however, more information is required for 
the satisfactory design of embankments. 

For example, it is entirely possible for a high fill to 
subside several feet due to displacement in the support- 
ing soil but without the occurrence of failure in that 
supporting soil. Assumption in the design that a large 
factor of safety against ultimate failure will assure one 
that displacement by lateral yield will be a small 
quantity may not accomplish the desired result. 
Hogentogler and Allen® have pointed out the fallacy 


of such an assumption and have proposed the use of | 
| 


values, c’ and ¢’, which are certain percentages of the 
unit cohesion c, and the angle of internal friction ¢, 
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THE SETTLEMENT OF EARTH 
EMBANKMENTS 


BY THE DIVISION OF TESTS, PUBLIC ROADS ADMINISTATION 


Reported by L. A. PALMER, Associate Research Specialist, and E.S. BARBER, Junior Highway Engineer 





respectively, which appear in formulas for computing | 


the supporting power of the earth below the fill. This 


procedure is based on the use of the complete shearing | 


stress-deformation relation instead of ultimate values. 
PLASTIC YIELD ASSUMED INSTEAD OF ELASTIC DEFORMATION 


In continuation of this study, it is proposed to make 
use of a principle presented by A. Nadai® called the 
“stationary flow of a plastic mass.’’ This principle 
leads to the development and use of formulas that are 
similar to the expressions for Hooke’s law for elastic 
bodies but which differ from Hooke’s law in that plastic 
yield is assumed in the place of elastic deformation. 

The basic principle involved in this report is a 
simple one and is that a certain earth movement, too 
small to be comparable to displacements characteristic 
of failure of the earth itself, may ruin a structure. 
More specifically, the fill load may be much too small 
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'The Theory of Soil Consolidation and Testing of Foundation Soils, by L. A. 
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to cause failure of the supporting earth, yet it may be 
large enough to be disastrous to the highway. In brief, 
it is necessary to estimate S,. For this purpose two 
things are needed: A ratio of stress to deformation, 
herein designated as C, the modulus of deformation, 
which has no reference to the nature of the deformation, 
whether it be elastic or plastic deformation or both; 
and a value of Poisson’s ratio, yu. 

Experimental work has indicated that the value of u 
for compressible types of soil may vary from 0.35 for 
soils containing much air to 0.50 for soils that are sat- 
urated with water. 

For the cases in which uy is less than , it is very 
likely that the small soil samples undergo some degree 
of volume diminution owing to the escape of air or 
water during the stabilometer test. It cannot, however, 
be concluded that the same volume change occurring in 
such tests can take place as readily and quickly in 
large earth masses. Therefore, it has been customary 
to take uw as % in computing S;, in large earth masses 
even though the laboratory value of yu is not this 
quantity, and this value of u is used in computing S, 
in this report. 

Figure 1 illustrates the essential features of the labo- 
ratory stabilometer used in the study of stresses within 
a cylindrical soil sample. The stabilometer is often 
referred to as the ‘‘triaxial shear test device.” Several 
types of this device and the principles governing their 
use have been described by Hogentogler and Barber.’ 

In stabilometer tests, cylindrical soil samples, encased 
in rubber sleeves, are compressed to complete failure by 
the application of vertical load. During the loading 
there may be no lateral pressure on the specimen (a 
simple compression test in this case) or a variable or a 
constant lateral pressure may be applied from start to 
finish of the test. The test may be made with or 
without porous stones at the flat ends of the cylindrical 
samples. 

The vertical load is applied through the plunger by 
means of a hydraulic testing machine. At the beginning 
of a test, the head of the machine is lowered until con- 
tact is made with the plunger, as shown in the cover 
illustration, and the platen and head of the machine 
remain fixed in position until loading is begun. A 
definite fluid pressure is then applied to the sample, 
figure 1, through the inlet valve. Since the machine is 
fixed in position the lateral fluid pressure tends to push 
a saturated sample upward against the plunger with a 
variable force depending on the mobility of the sample. 
For a saturated soft soil, the vertical and lateral pres- 
sures may become equal under these initial conditions. 
When the sample contains much air the fluid pressure 
tends to compress the air or cause its escape thus short- 
ening the sample without increasing its diameter. 


’ Essential Features of Triaxial Shear Tests, by C. A. Hogentogler and E. 8. 
Barber. PUBLIC ROADS, vol. 20, No. 7, Sept., 1939. 
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Figure 1.—STABILOMETER OF THE PLUNGER TYPE. 








Vertical load is then increased by elevating the platen 
at a constant rate of 0.05 inch per minute. An auto- 
matic recording device gives the complete vertical load 
versus change i: height curve for the entire test. Any 
change from the initial height, A, is designated as A h. 

For the plotted data shown in this paper, the soil 
cylinders were 1.95 inches in diameter and the height, 
h, was 4 inches. Porous stones, sometimes placed at the 
two flat ends of the sample, were not used in these tests 


MODULUS C DETERMINABLE FROM STABILOMETER TEST DATA 


During a quick stabilometer test, a relatively im- 
permeable and saturated soil undergoes deformation 
without appreciable volume change. If, however, the 
soil contains air, loading tends to compress the air, 
according to Boyle’s law, with consequent reductions 
of volume and height of the sample. 


The known decrease in height due either to com- | 


pression of air or its escape is not considered as defor- 
mation in computing the modulus of deformation, C. 
In computing this modulus, it is assumed that the soil 
deforms at constant volume in which case yu, Poisson’s 
ratio, is %. 

Reference is made to figure 2, which illustrates three 
distinctly different types of soil behavior during the 
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Figure 2.—-Srress-STRAIN CuRVES FROM TRIAXIAL Com- 


PRESSION TESTs. 


early period of loading in the stabilometer or triaxial 
compression device. In figure 2—A, with a lateral pres- 
sure of 6,000 pounds per square foot, the developed 
vertical pressure with the machine in fixed position 
was also 6,000 pounds per square foot. The point, 
/—v—6,000 therefore falls on the axis of v, vertical 


hs ; Ah - 
pressure, which is the axis of zero 7 Figure 2-B 
d 


illustrates another type of behavior. Here the devel- 
oped v with the machine in fixed position was 5,600 
pounds per square foot with J, the lateral pressure, 
equal to 6,000. The point A for /=v=6,000 |; not on 


the “ 0 axis but corresponds to a value of 0.0004 for 
2. Figure 2—-C 
h ' 

| havior. Here the developed v with the machine in 
fixed position was 5,200 for /=6,000 and under this 
system of initial stresses, the height h decreased until 


illustrates still another type of be- 


. Al oa * 
the value of ‘ became 0.0075. Then as load was 
t 


applied and » was increased, the sample began to 


Ah . 
deform. At the point A for v=l=6,000, is seen to 
be 0.0089. m ) 

Figure 2—-A is characteristic of a relatively ~oll 


saturated soil of low permeability; figure 2—B is ¢!ar- 
acteristic of a relatively stiff saturated soil of low | ‘T- 
meability; and figure 2—C is characteristic of a stif! oil 
that contains an appreciable volume of air. 

The horizontal distance from the point A, where =?, 
to the Ah =() axis is zero for curve A in figure 2, 0.0004 


h 
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for curve B, and 0.0089 for curve C. These variable 
distances denote reductions in h due to volume changes 
without distortion and therefore represent small con- 
solidations of the sample that are usually unavoidable, 
appear in their entirety, and are completely accounted 
for in consolidation tests. Thus the horizontal dis- 
tances from A to the Aa, =() axis properly fall in the 


h 
al . . Ah 
category of Se settlement. The change in h beyond 
tr be: 


the point A is indicative of distortion without volume 
change (S; settlement). 


The modulus of deformation, C, is taken as a secant 


modulus in this paper and is the slope of the secant line} | 


drawn from the initial point A, figure 2, where / 
another point B, determinable from the conditions of) 
the particular problem. 
number of points beyond A, there may be an infinite 
number of secant lines and of moduli C. There is but 
one secant line, however, for a specific problem fixing 
the point B. Thus the nature of the problem may be 
such that the value of v—l at the point B is 2,000 
pounds per square foot. This is illustrated in figure 2. 
If /=6,000 and v—/= 2,000, then v=8,000, the ordinate 
value of the point B, figure 3. In figure 2-A, the 


-. §$,000— 6,000 
slope of AB is = 


0.016—0 
square foot=C. In figure 2-B, the slope of AB is 
& OOO — 6,000 


0.0047 — 0.0004 


25,000 pounds per 


465,000 pounds per square foot c. 


8,000 —6,000 
0.0161 —0.0089 
278,000 pounds per square foot= C, rounding the value 
of C' to the nearest 1,000 pounds per square foot. 

For any vertical load greater than that corresponding 
to the initial point, A, figure 2, it is necessary to correct 
for the changed horizontal cross-sectional area of the 
deformed sample in computing v. This correction is 
contained in the following expression for v: 


| ae Ah : 
Eau. a 


where P is the net load, equal to the load on the plunger 
plus the weight of the plunger minus the product of the 


In figure 2-C, the slope of AB is 


lateral pressure, /, and the cross-sectional area, a, of | 


the plunger stem. 


A is the initial cross-sectional area 
of the sample. 


SETTLEMENT OF FILL UNDER ITS OWN WEIGHT CONSIDERED 


Figure 3 illustrates a symmetrical earth fill with 
equal slopes. The Y direction is the direction of the 
leneth of the fill which is perpendicular to the plane of 
the figure. If the fill is long in comparison with its 
width, displacement in the Y direction is zero. The 
Z direction is the vertical one and OZ (fig. 3) is the axis 
of symmetry of any vertical cross section that is as- | 
sumed to be of unit thickness in the Y direction. In 
the plane of the diagram (fig. 3) the Y direction is hor- 
zontal. The directions are indicated by the coordi- 
nates, Y, Y, and Z. The origin, 0, is at the base of the 
fill and on the vertical axis of symmetry. The letters 
t,y, and z denote both direction and distance whereas 
X, )’, and Z denote direction only. The normal stresses 
pPrand p,act in the X and Z directions, respectively, and 
their values at any point depend upon the coordinates 
tand z of the point. The shearing stress, s,,, acts in 





the .Y direction and in a plane to which the Z direction 
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FIGURE 3.—DIAGRAM OF SYMMETRICAL EartH FILL. 
is perpendicular. The shearing stress, s,,, acts in the 
| Z direction and in a plane to which the X direction is 
perpendicular. Fora condition of equilibrium, s,,=s,,. 
The fill problem, figure 3, involves two dimensions, 
that is, only soil movements in the X and Z directions 
| are of concern. The letter V designates the displace- 
ment of a particle at a point (z, z) in the Z direction and 
U’ designates the displacement of the particle at the 
same point in the Y direction. The rate of change of V 


' . Ot 
with respect to z, when z is constant, is = and denotes 
— 


the strain in the Z direction. The rate of change of U 


with respect to x, at constant 2, is Sr’ the strain in the 
BP 
X direction. The strain in the Y direction is zero. 


The problem is one of plane strain or deformation. 
From Hooke’s law and Nadai’s principle, 


oV_ 1 


= GlPs— (P21 Py)]------------- (2) 
strain in Y direction=0 7 (Py Hz re ee (3) 
aU 1 
and —- qi [Pz Oe ie gp (4) 





Nadai refers to C as a “‘constant” rather than a 
modulus and, for a material that undergoes distortion 
without change in volume, takes yu as 1/2. 

Then, according to Nadai’s principle, applicable to 
flow in a plastic mass, equation 2 would become 

= A [ps— 1/2(9.+9,))------ ~~ ae (5) 

Consider the column of earth, 00’ on the vertical 
axis of symmetry in figure 3. For the present, con- 
sider the origin as moved from 0 to 0’. Any vertical 
distance, z, is then consideredfas directed downward 
from the roadway which is the horizontal plane con- 
taining 0’. Let w denote the weight per cubic foot of 
fill material assumed to be homogeneous. Then at 
any depth z in the column 0/0, p,=wz and p,=K’'wz 
where K’ is the ratio of lateral to vertical pressure at 
the depth z. From equation 3 


Py=u(pr+p.) =n (K’ wet we 
Substituting this value for p, in equation 2 


mov ~ w(K’ we wK'we-+ wore) | 








OV __we , 
or — 1— pk’ —p?(K’+1) | - _(6) 
oz C 
Integrating equation 6, assuming K’ constant, 
r we" , (Ez er . 
i =30 1— pk’ —p?(K’+1 | +f (ar) _ -- (7) 


On the axis of symmetry, f(z), a function of x alone, 
becomes a constant, Aj, and for points on this axis, 


1) | +K, ------(8) 


If it is assumed that V=0 at z=H/, a condition which 
will exist if the undersoil is unyielding and there is 


we2" 


\ 30 | 1 uk — w(K 





only the settlement S, of the fill to consider, kK, may 
then be evaluated so that equation 8 becomes 
—=— — ae 
V= sal — FT) )f1- - ph’ wk +-1)] eee |) 
and for .=1/2, 
, _ 3Ww . 
- — Kk’ - ()) 
} soul Kk’) (2?— 7’) ; (1 


Here V denotes the downward displacement of a soil 
particle on the axis of symmetry and at any depth 
from the roadway. The greatest vertical displacement 
is at z=0 at 0’. At this point, 


= 3w 


7 —eqlt (1—K’) 


(11) 

The use of equation 11 is limited by the fact that 
there is no sure way of determining Kk’. Theoretically, 
its value is greater than 0 and less than 1. If A’=0 
is taken, then S; is a maximum value and on the side 
of safety. 


SETTLEMENT S, OF THE UNDERSOIL DETERMINED 


The origin is now taken at the point 0, figure 3. The 
angles, a, and a, of figure 3 are expressed in radians and 
from the diagram it is evident that 





2a,+a=2 are cot — 
a-+-b 


and 


a,=are cot —;—are cot ;: 
an oes ae b 


It has been shown ? that on the axis of symmetry, OZ, 


9 
=? (2a a+ an). --- -(12) 
and 
9 ~ 
P:= (2a + are +z me 2 log. 7 (15) 


where p, and p, are normal stresses (at any depth < | 


on OZ) .due solely to the fill load. 
From equation 3, py= 

value for p, in equation 2 

oV_1 ee 

De OP (Det aps t up2)| ------- (14) 

By substituting equations 12 and 13 in 14 one obtains 


2? See footnote 2, p. 161. 


M(P: + p-,) and substituting this | 


PUBLIC ROADS 














Vol, 21, No, 9 


OV p 2 
be . ©.) 4 9 are eo aire ’ jain 
ager a u—2p ., arc cot ; Sate ” arc cot sit 


2b (a+6)?+27 1... 
——— ATC COT —— “ log, Vv <== (15 
a b a ¥ +2? 


It must be remembered that on integrating equation 
15, it is desired to know V on the axis of symmetry 
and hence, z=0. The last term of equation 15 is the 
only one giving difficulty in integration. This may bl 
integrated by parts and by the transformation, 


z=(a+b) tan 6 


where @ is the angle shown in figure 3. 

The vertical displacement, V, of a soil particle at the 
point 0, figure 3, and S,, are identical in magnitude. In 
general, however, V refers to the vertical displacement 
of a particle at any point and not just at 0. Hence, it 
is a special value of V, namely its value at 0, the sum of 
all the strains from 0 to a given depth 2, that is equal to 
Sr. 

By, integration of equation 15 between the limits, 0 


and 2, one obtains 
Pp | 2b 
V at 0 rO\\! mM 2u?)( 2+ ) 
= 2 a+b 1 _# 
zare cot aa Rt 5 og, ( | s by) 
wi 20 2 ace a 
es — 2 mn JZ 
\L—p—2p ( : E are cot p+5 log (1 »)| 
4u(1-4 a 8) | 2 
re. - M E bow, ©? “ 8) 
\ = b? 
(a+b)? yz'+(a+b)? BP + 2°+ 5? || 
r 5) log, ag -3 log, ; | = 16 


S, denotes the diminution in thickness of a given depth 
of undersoil due to lateral displacement, and 
for u=1/2 equation 16 reduces to 


. , 3p iz /z*+-(a+b)? 
S,=V at 0 P | tow A bn 
rCa es + o*+4 bh 
(a+b)? Vv2°+(a+b)? Bb 22+ 5? ~ 
—log — —log, == _ (li 
7? oo eae ae 


It is convenient to obtain solutions of equations 12 
and 16 by graphical methods. With reference to 


> a rly ° 
figure 3, let B=b+5 Then for a=0, the trapezoidal 


- , b . 
load becomes a uniform strip load and Bo! For b=0, 


; ' b 
the load diagram becomes triangular and Boo: All of 


the possible symmetrical trapezoidal load diagrams are 


b 


then contained within the limiting cases, R 0 and 
> 

b y . P M 

Rol. Now write for equation 12, 


P:—pf 
1 2b 
where f=2(2ai | at+— a): 


oO! 


RAT 


DEF 








of 
are 


nd 
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b 
value for f is taken from the formula for Ro regard- 


' b ; ; 
less of what the actual value of BR may be since there is 
practically complete coincidence of all the curves at 


6.0. 


—~ 
we 


In fills having the same B and the same height, H, 
the vertical cross-sectional area is the same. Hence, 
; » it is convenient to use the value B as a basis for con- 
structing charts such as figure 4 for use in computations. 
z Equation 16 may be written 


—— 


" Pz * VERTICAL PRESS N CENTERLIN , a \B 
cree .=P(b4+2)r="er , 
ft p= PRESSURE ry AFACE ON CENTER Sz ai 6 + 5 )F es aS (18) 
f f . " —— APH F 2OPRIA = al 
h B*Nos 1ere 
F fron &=0 l 


FOR & >so use FFoRg . | y . ae i By 
i THAT 1S F=f AR ran 28 I Ti b By lu | © b B)* log, yt oom 


t ~ (»/R\2 
I — (b/B)? log, V1 4. ep 


| (6/BY? 
Figure 4.—GRAPH OF VERTICAL PRESSURE ON CENTERLINE 5, 
UNDER A SYMMETRICAL FILL. (2/B)?+ (2—6/B)? , 


mae B)? log, V (2/B)? - (6/B)? 






(l1—2y)2z/B 
The value of f depends on the depth z of any point 

on the centerline and on the distances, a and 6 (fig. 3). | @ b/B) 
The curves in figure 4 are obtained by plotting values : 
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Figure 5.—-GRAPH OF SETTLEMENT ON CENTERLINE UNDER A SYMMETRICAL FILL. 





166 PUBLIC 











~ ~ 555 T 
<x —+ =< T 
| 
| 
OO FT hs / SUPPORTING SOIL | 
~~ *<, / STRATUM, CLAY 
YY | 
/ / 
io | 
j | 
/ | 
—~WATER TABLE 
SE ——— = eee | 
' SAND AND GRAVE 
Zz 


FIGURE 6.—SYMMETRICAL FILL SUPPORTED BY CLAY. 


The value of F in equation 18 depends on yu, Poisson’s 
ratio. The curves of figure 5 were constructed for values 
of u varying from 0 to 4 by plotting values of B against 
b 
B 


be given illustrating the use of the chart, figure 5. 


F for different values of A numerical example will 


COMPUTATION OF S, ILLUSTRATED 


Consider the fill, figure 6, of height, /7=37 feet, with 
a 1% to 1 slope and supported by a clay stratum 100 
feet thick which is underlaid by sand and gravel. The 
supporting soil and fill material have different proper- 
ties. The average weight per cubic foot of the com- 
pacted fill material is w=126 pounds. The width of the 
roadway is 46 feet so that 6 (fig. 3) is 23 feet. The dis- 


Jw sO” -- - rl’ a 
tance, a, is 115X37=55.5 feet. The value of B=b+5= 


THOUSANDS OF POUNDS PER SQUARE FOOT 
w 
\ ne 
\ 


VERTICAL PRESSURE 2? 


fe) 0.002 0.004 0.006 0.008 0.010 0.012 0.014 
UNIT DECREA 


TRIAXIAL TEST 


FIGURE 7. 








R OA D S Vol. 21, No. 9 
—— 23 

Pe. et moe un 2 0.453 

23+ = -50.8 feet and the ratio» B 1 50.8 ).453. 


The value of p is wH=37X126—4,662 pounds per 
square foot. The thickness of the deformable clay layer 
roo =1.97. 
50.8 

In previous publications ?° it has been shown that 
the greatest shearing stress anywhere in the undersoil 
below a symmetrical fill is 0.32 p. This greatest shear- 
ing stress is located at a distance equal approximately 


is 100 feet and the depth ratio, R is 


3 


to B below the point 0, figure 3, and is equal to 5 (v—/ 
where v is the vertical pressure and / the lateral pressur: 
at the point of greatest shearing stress. 


mn l 
Then since 5 (v—/)=0.32 p, v -l=0.64 p and theo- 


retically this is the greatest v—/ value that exists 
anywhere in the supporting earth below the embank- 
ment. For p=4,662 pounds per square foot, the 
greatest value of v—l is 0.64 4,662= 2,984 pounds pe! 
square foot. With reference now to figure 7 which 
Ah tS , 
shows the v versus h characteristics of the undersoil 
for /=0 and /=4,180 pounds per square foot, the point 
B is determined for each curve. For v—l=2,984, when 
l=0, v=2,984 and for /=4,180, v=2,984 +4,180—7, 164 
pounds per square foot. The ordinate values of B are 


then 2,984 for /=0 and 7,164 for /=4,180. The value 
. Ah ae a 
of . at the initial point A for /=0 is —0.0001. Th 
b 


initial point A for / 


4,180 is at that point of the upper 
curve where v=/ 


1,180. For /=4,180, the slope of 
- 7,164—4,180 
~ 0.0310 —0.0036 
0, the slope of AP, 


AB, upper curve of figure 2, 1 109,000 


pounds per square foot=C. Forl 


See footnotes 2 and 3, p. 161 


Continued on page 172 
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HORIZONTAL FORCES AND MOMENTS ON 
BRIDGE ABUTMENTS AND RETAINING WALLS 


EFFECT OF CONCENTRATED MOVING LIVE LOADS ON THE BACKFILL 


Reported by E. I. FIESENHEISER, Assistant Bridge Engineer, District 4, Public Roads Administration 


HE PURPOSE of this paper is to present methods 
Poor computing the overturning effect of live loads 

by taking into account the distribution of stresses 
through the soil. The paper presents: 


(1) Exact equations for the force and moment 
based on the theoretical variation of stress. 
(2) Simplified approximate equations sufficiently 
accurate for most cases. 
A determination of the position of 
load for maximum moment. 
(4) Charts for use in computing. 


(3) the live 


In designing bridge abutments and retaining walls 
the horizontal pressure of the backfill material on the 
wall must be taken into account. The amount of this 
pressure and its overturning moment are usually 
determined by assuming that the pressure increases 


uniformly with the depth of fill. This assumption 
results in either a triangular or trapezoidal pressure 
diagram. 


In dealing with the problem of truck wheels or con- 
centrated live loads on top of the backfill or roadway 
it is customary to assume an added depth of fill or 
surcharge. The loads are assumed to be distributed 
over an area and the depth of surcharge is taken as the 
depth of a volume of backfill material equal to the 
loads in weight. 

The moment effect of the live loads upon the wall 
has been a matter for conjecture and the method of 
adding a surcharge has doubtless been used for lack of 
a better or more precise method. However, recent 
experiment and progress in the field of soil mechanics 
have pointed the way to a very different solution of 
this problem. 

STRESS DISTRIBUTION EQUATIONS DEVELOPED 


When taking into account the stress distribution in 
the soil reference is usually made to the work of Joseph 
Boussinesq, a noted elastician, who derived equations 
for the stresses in the interior of an elastic solid. The 
conditions assumed by Boussinesq are a semi-infinite, 
elastic, isotropic solid bounded by a plane surface upon 
which a single concentrated load acts in a direction 
per pendic ular to the plane surface. Published equa- 
tious,' give the normal and shearing components of stress 
in the interior of the solid. However, these stress 
con.ponents are only those acting on planes parallel to 
the surface plane. 

Assuming the horizontal surface of the backfill to be 
the boundary plane and keeping in mind that the plane 
of ‘he wall or abutment is vertical, an expression is 
nee ied for the horizontal component of stress acting 
upo a plane perpendicular to the surface plane. Such 
an expression in terms of rectangular coordinates with 

> a 
the origin at the load point is o,= +3 7@ WH yi 
the stress in the z-direction, the z-axis being vertical 
and the z- and y-axes horizontal. ‘This is a simplified 


n Ap ‘lication des Potentiels a L’etude de L’ — et du Mouvement des Solides 
tinue, by M. J. Boussinesq. Gauthier-Vil Paris. 1885. p. 104. 


=, for 


expression derived by assuming the term Poisson’s ratio 
equal to one-half, which is in accordance with a fun- 
damental principle of soil mechanics that the soil par- 
ticles are incompressible or incapable of a change in 
volume. Equations from which it is derived may be 
found in texts on the theory of elasticity.’ 

Actual working conditions for which the above 
expression would be applicable would be a soil of perfect 
elasticity with elastic properties the same in all direc- 
tions (conditions of an isotropic soil). Some soils may 
very nearly approach these conditions, while others 
may be far from elastic and isotropic. However, with 
regard to retaining walls, experiments have indicated 
that the shape of the pressure variation curve is similar 
to that obtained from the theoretical expression and 
that the quantitative differences may be taken into 
account by the use of empirical constants dependent 
upon the type of soil. 

In experiments on retaining walls conducted at the 
lowa Engineering Experiment Station, Ames, Iowa, by 
M. G. Spangler * the horizontal pressure due to con- 
centrated surface loads was measured. By transform- 
ing the theoretical expression an empirical equation 
was devised which gives pressure intensities correspond- 
ing to the measured intensities. The equation devised 


kP x2 


ge 


is h. (724 ap | a2) 5a 


in which & is a constant depending upon the type of 
soil and n is a constant depending upon the relative 
rigidity of the wall and backfill. Obviously more 
experimenting is needed with different types of soil 
before values of these constants can be determined for 
all cases, since these experiments were made with gravel 
only. 


HORIZONTAL FORCES AND OVERTURNING MOMENTS COMPUTED 


In applying the equation to the computation of 
horizontal forces and overturning moments working 
values of k equal to 1.3 and n equal to 1/4 will be used, 
assuming a gravel backfill and conditions similar to 
those in the experiments conducted by Spangler. If 
values for k and n can be determined for other materials 
and conditions, such values may be substituted in the 
equations to be derived. Forces and moments will be 
directly proportional to the constant k and inversely 
to 2", x being the distance from the load to the wall. 
(See fig. 1.) 

As shown in figure 1, 


with the origin directly under 
the load, 


the coordinates of a point on the wall are 


x, y, and 2, where 


horizontal distance from the load to the wall. 
j=horizontal distance from the load parallel to the 
wall. 
2 vertical distane e below the top of the fill. 
R= = 4/3? +y?+ 27, 
P =the concentrated load. 








2 For the solution in terms of cylindrical coordinates see a of Elasticity, 
by S. Timoshenko. McGraw Hili, New York. 1934. pp. . 

3 Horizontal Pressures on Retaining Walls Due to es art Surface Loads, 
» M.G. Spangler. Iowa Engineering Experiment Station Bulletin 140. 1938. 
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LINE A - INTERSECTION OF SURFACE 
OF FILL WITH PLANE OF BACK FACE 





LINE B - LINE ABOUT WHICH MOMENT IS TO BE 
TAKEN 





Ae ~ NORMAL FORCE AT A POINT ON BACK FACE OF WALL. 


Figure 1.— DIAGRAM SHOWING RETAINING WALL AND LOAD ON 
BACKFILL. 


a=vertical distance from top of fill to top of wall. 
b=vertical distance from top of fill to a horizontal 
line where the moment is desired. 
M=moment at the line 6 distance below top of fill. 
H= total horizontal force acting on the wall above the 
line. 
h.=intensity of horizontal pressure at any point on 
the wall. 

To get a clear picture of the stress variation ex- 
pressed by the equation, curves may be plotted holding 
xz and y constant while z varies (see fig. 2) and holding 
z and z constant while y varies (see fig. 3). 

In dealing with a bridge abutment attention is called 
to the fact that the top or surface of the backfill is not 
always at the top of the wall. A part of the earth 


pressure may be taken by the floor slab or diaphragms | 
at the end of the bridge and transferred as a thrust | 
In such a case only the | 
horizontal force acting on the area of the wall unit is | 


through the superstructure. 


of interest. Accordingly a distance a from the sur- 
face of the fill to the top of the wall is introduced to 
take care of this condition. 

ms #2 


Referring to figure 2, h.= = 


—— 


(2?+-y?+ 2°) 


The differential area of wall dA=dy dz and the force | 


dH—hadA—P.__*2dydz 


a” (a? + y?+ 27)% 


Taking as z-limits the distances 6 and a and as y-limits 
the distances Y, and Y2, 


wfl'"  2dydz 
H=kPx® f f tye Senco ween weeewares (1) 


Integrating in z-direction and substituting limits, 


kPx?@- Y; yy 
H= —— if. (a?+-2°+ y?)-tdy— { (6?+-2?+-y’) -idy 


Integrating this expression in the y-direction and 
substituting limits, 


3 
‘ | | 
‘Y, ee —— i 
| (+r jJvyerr st (bh? + ry bh + 

















Vol. 21, No. 9 
Pp 
x ~ 
TOP OF FILL | 
EURTRET? t eee ! ' 
ne | 
Pi x t 
F 
/ 
P | 
Q 
ol 
i —\-Ac-v 2 
= 
2 
Reraniis ead ! 











FIGURE 2.—-STRESS VARIATION, 2 AND y CONSTANT. 


H kT} x . 


z’+ | 
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In deriving an equation for the overturning moment 
the differential of moment about a line 6 distance below 
the top of fill is 


; | I 
ie | r)ya }_ yp? 4 y? (b? | x’) yb? $y? 


kP 2?z(b—z)dydz 


7” y+} 2*)) 


dM 


(2 

and the total moment 

kPx’ [" 2(b—z)dydz 
‘ e a, “4 2) 9 


y, (2?+ y?+ 2°)” 


M 


r” 


Integrating first in the z-direction and substituting 
the limits 6 and a, 


are * [ l 


3 vi(a"+y") 


a’ +-bx?+- by? b j 
* 9 me 21 2 1) nc2d\16 y 
(a?+2?+y*)* (6?+2?+y’)’ . 


Integrating now in the y-direction, substituting the 
limits Y, and Y;, and simplifying, the total moment 


M 


becomes 
M — “t(a? + ba) A+-6(C—B)| (4) 
in which 
iin #375). ae 
a\axr a*+z2z 
B - ees (6) 


in 
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FIGURE 3. 


STRESS VARIATION, Z AND z CONSTANT. 


and 
Y, Y; ; 
"[—? > a) 7 ) > , 9 (S) 
Vet+e4+Y, vya’?+2?4+ Y,? 
a y a Y, , 
a==tan™ —— y tan=' | — —————- | (9) 
zr ya +27 7 ) ‘- EF ya fT } 2” 








b Y 7] Tb Y, 
§ 1 ‘ ! = 0 
@—tan E Jete+Y2, tan E Je+2"4 ve |¢ ) 


Referring to equations 8, 9, and 10 it should be noted 
that Y, and Y, are distances measured parallel to the 
wall from the load to the ends of the wall. When the 
load is between the ends, which will ordinarily be the 
case, Y, will be assumed positive and Y, negative. 
The result will be the addition of the two terms 
in obtaining the value of the angles a and @ and the 
term y. Angles @ and @ are expressed in radians. 
When computing these angles if a conversion table is 
not at hand the angles may first be found in degrees and 
decimals of a degree from tables of natural functions, 
then multiplied by the constant 0.017453 to change 
degrees to radians. 

For the particular case when the top of the fill 
coincides with the top of the wall the term a becomes 
zero. To obtain the moment the original expression, 
equation 3, may be integrated direct between limits 
band 0. An alternate method is to substitute zero for 
a in the final equations 4 to 10. In the latter case 
the result will be zero divided by zero for the terms 
Aand C. These indeterminate forms may be evaluated 
in the usual manner by differentiating. Taking third 
derivatives of numerators and denominators the values 
of the fractions can be found. By either method the 
resulting equation will be: 


For a=0, 
. D..(2—n) 
M: = --b(D—B). : ghee 
in which the term 
Y, i< 
ae => — sS=S Thiace ae a 12 
” eyet+Y? 2/2?4+Y,? aia 


EQUATIONS APPLIED TO BRIDGE ABUTMENT PROBLEM 


Equations 2 and 4 are expressions for the force and its 
overturning moment caused by a single load P concen- 
trated at a point and placed at x distance from the wall. 
If the familiar principle of superposition is applied 
when there are more loads than one to dea! with, the 
269826—40—2 
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FIGURE 4. 


PLAN OF ABUTMENT WALL, SHOWING POSITION OF 
{EAR WHEELS OF 2 TRUCKS. 


effects of the loads may be added together and the total 
moment will be the sum of the moments produced by 
the individual loads. 

In applying the above equations to a bridge abutment 
a structure carrying two 10-foot traffic lanes is assumed. 
An abutment wall at least 30 feet long will ordinarily 
be required to support the two-lane superstructure. 
Such an arrangement of rear truck wheels as that 
indicated in figure 4 may be assumed. 

Using the 30-foot wall as a basis for computing, a 
large number of solutions were worked out for the 
moment using different values for 6 and a. These 
computations revealed the fact that for relatively small 
values of a or x there is not much difference in the effect 
produced by wheels 1 and 4 and that produced by 
wheels 2 and 3. For example this difference was found 
to be less than 1 percent for the values b=30 feet and 
In dealing with a wall of this length or 
greater it will usually be sufficiently accurate to compute 
the moment for a single load and multiply the result 
by the number of loads to obtain the total effect. 

It can be seen that a single computation of force 
and moment by the above equations involves consid- 
erable work. Fortunately it is possible to derive much 
simpler equations which will be sufficiently accurate 
for the average wall. In a problem of this kind unneces- 
sary refinements in calculation cannot be justified, 
especially if values of the soil constants cannot be 
determined with great exactness. The accuracy of the 
final result will depend upon experimental values of 
k and n. If infinite limits are assumed for y, letting 
Y:=+o and JY, -o, the following expressions are 
obtained: 


Ik Pye" | 
H 3 E | owe is es 
9}. D,~(i-— n) ™ , 
Me | eget tent Stent 2] 4) 
3 a?+-2 = : 


For a=0, equation (14) becomes 


Ik Px n b b ~ 
— | 7—tan~ | Serer «Ae (15) 


It will be found that for a problem such as that of 
figure 4 equations 13, 14, and 15 will give results only 
slightly greater than those obtained from the exact 
equations 2 and 4 to 10, particularly for relatively small 
values of a@ and x. For example, for the values 
b=30 feet, a=0.5 foot, r=1.18 feet, the moment 
computed by equation 14 was found to be less than 
1 percent greater than that computed by equations 4 
to 10. Moments and forces determined by the simpler 
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FIGURE 5. 


expressions will be on the safe side and it is believed 
that their use is justified. 

Up to this point in the discussion the distance « has 
been treated only asa constant. However, for live loads 
moving toward or away from an abutment there is a 
value of « for which the moment is a maximum. To 
derive an equation for this value of 7, equation 14 may 
be differentiated with respect to v and the result equated 
.o zero. Performing these operations the following 
‘xpression is obtained: 

(b—a)|[(2—n)a’- 


(a*- 


1—? b a> 
‘(tan 1--—tan™! ) 
Ms = ys 


Substituting known values for 6 and a in the equation 
enables solving for rs. Placing the load at this distance 
from the wall will then produce the maximum moment. 
If the value of n is taken as ‘4, equation 16 becomes 


(b 


na | h a 


Md 


(16) 


a)(7a°—r b a 


~) 
4(a*+27)° +R } 


o ; , b . , a 
iA tan 2 tan ¥ ) 


While solving for x appears to be involved, the 
equation may be handled practically by plotting two 
curves, one for each side of the equation. Extending 
the two curves until they intersect will give the solution, 
the point of intersection being the value of x for which 
the equality is true. The solution of equation 17 is 


~~ a’ T 2 


(37) 


, ; se : 
given in figure 5 where the ratio — is plotted against 
- 


.-8 ' b 
the ratio When 6 and a are known, — may be found 
: , may 


from figure 5 and x may be determined from the 
ratio. 

When the top of the fill coincides with the top of the 
wall the value of a is zero. For this particular case 
equation 16 for the maximum moment is of no use. _ It 
will be seen that for this case the moment approaches 
infinity as s approaches zero. This is due to the fact 
that in theory, as the point of application of the force 
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is approached, the finite force is acting upon an infinitely 
small area. Practically, however, the load P is not 
concentrated at a point but is distributed over an area. 
If the area of distribution is assumed to be a 15-inch 
circle, it is obvious that the value of « cannot be less 
than the radius of the circle. Accordingly, the mini- 
mum value of « was taken as 7's inches or 0.625 foot. 


METHOD OF IMAGES MAY BE USED 


Using four concentrated loads of 12,000 pounds each, 
a value of & equal to 1.3, n equal to '4, and values of 
for the maximum moment, the curves of figure 6 were 
plotted. It will be noted that the distance a has a 
considerable effect upon the moment, and that for large 
values of a the moment is greatly reduced. 

In dealing with the standard H-loading it may he 
necessary in some cases to consider the smaller wheel 
concentrations 14 feet distant from the large wheels 
It is unlikely, however, that two trucks headed in the 
same direction will enter a bridge at the same instant 
Assuming that the four wheels shown in figure 4 are 
rear Wheels of trucks, the front wheels of one truck will 
be on the fill and the front wheels of the other truck 
will be on the superstructure. Under such conditions 
the effect of the two front wheels on the fill will usually 
be very small in comparison with the effect of the four 
rear Wheels which are close to the wall. However, if 
it is desired to include the effect of all wheels, the rear 
wheels may be placed at the point for maximum 
moment and with the trucks in this position a separate 
computation made for each set of loads. This position 
of the trucks should give moments sufficiently close to 
& maximum for design purposes. 

When the total moment and the total horizontal 
force have been computed the height of the center of 
pressure may be determined by dividing the moment 
by the force. The ratio of this height to the height 
of wall, (b—a), was found to vary from approximately 
0.53 to 0.96 as the height of wall varies from 2 to 50 
feet. Further, this ratio increases when the height of 
wall increases or when the distance a decreases. It is 


noted that the location of the center of pressure is not 
affected by either of the constants k or n. 
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Some designers may prefer to assume a soil of perfect 
elasticity and to use the equation based upon the theory 
of elasticity rather than the constants determined by 
experiment. In this case the method of images may be 
applied as explained by Dr. Raymond D. Mindlin.* 
The constant n will drop out or become equal to zero 
and the constant & which appears in the above equations 


. » . . ° > 
will become By this method the intensitv of normal 
vs . 5 


pressure at any point on the wall is simply double that 
given by the equation for the stress in an_ elastic, 
isotropic solid (see p. 167). The foree and moment 
equations 2 to 15, and equation 16 for the maximum, 
may be used by making this change in the constants. 
The values obtained for the force and moment will be 
slightly less than for k= 1.3, n=1/4, when the load 
placed at the point for maximum moment. 
Assuming a bridge abutment backfilled with gravel, 
the moment and horizontal force will be computed by 
the approximate equations. The conditions assumed 
will be a live load P of 24 kips, b= 20 feet, a=1 foot, 


k=1.3, and n=1/4. 
, & 
tan . )| 


Is 


The moment, using equation 14, is 
» (h avr 
M=;kP. | ( tan 
0 ers 
" ae bh 
Krom figure 5 for 2(), Q 82. 
a J 


20) 


Then s 2.03 feet, the position of the load for 
9.82 


maximum moment when n= 1/4, 


(2: Oa)" *§= (2s) =1.40 
and 
= | ‘ - : 
“kPx' ~ (1.3)24 (1.70) = 35.4 
») > 


ae af 19(2.03 
M sal <-~! — (tan=' 9.82—tan 0.492) | 


Tan! 9.82—tan 7! 0.492 = (84°12’) — (26°12’) =58.0 
0.01745(58.0) 1.01 radians. 


M=35.4(7.52—1.01) 


230 foot-kips. 


This moment may be determined from figure 6. The 
value read from the chart should be divided by 2 since 


a load of 48 kips was used in computing values for the 
curves. 


By equation 13 


H=7kPr “af ae } 
» Go -rz b- Z 3 


the horizontal force 


» Z ) 2) _ 
IT=35.4 (2.03 [53 04 | 


13.8 kips. 


71.8(0.1952 —0.0025) 





‘Dr. Raymond D. Mindlin. Proceedings of the International Conference on Soil 
Mechancis and Foundation Engineering. vol. III. 1936, p. 155. 
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If an elastic, isotropic backfill material is assumed 
and the live load effect on the wall is taken into account 
by using the method of images the only change in the 
problem will be in the assumed values of the constants. 











The new values will be k 


P=24 kips, 5 


) 
and n=0. 


a 


Again taking 






20 ft., and a=1 foot, from figure 5 for 





b 
20), 6.90. 
a L 








») 





Then & 909 = 2789 feet, the position of the load for 
Die 


a maximum moment when n=0. 










y) j) 9 
“hk Pr'-" ==." (24)2.80=42.8 
3 a7 
19(2.80 . ties 
M=42:8 tan~'6.90 — tan7'!0.357) 
Ss S4 
Tan~! 6.90—tan™ 0.357 = (81°46’ (19°38’ 





62.13 0.01745 (62.13) =1.08 radians 






M = 42.8(6.02—1.08 21] foot-kips 


sa adie ] ] 
iH £2.8(2.80 Ee 733 | 


119.5 (0.1130—0.0024) =13.2 kips. 





and 








The above computations were made with an ordinary 
10-inch slide rule using C, D, L, and T seales. 







CONCLUSIONS 





In the preparation of figure 6 the value of k was 
taken as 1.3 as this is the value suggested as safe for 
gravel material similar to that used in the experiments.* 
In the absence of further experimental data this value 
might be used for the average gravel backfill. 

Regarding the experimental constant n, the value of 
1/4 was found to agree most closely with the experi- 
mental data reported by Spangler. Since this constant 
is written as an exponent of s, its value affects the 
position of the load for maximum moment. With 
reference to the curves of figure 5 it will be noted that 
for a maximum moment the load must be placed farther 
from the wall for n equal to zero than for n equal to \. 

The reader may question when to use the method 
involving the empirical constants and when to use the 
method of images. It is the writer’s opinion that when 
dealing with a backfill whose soil properties are unknown 
it would be more logical to assume elasticity and use 
the method of images than to make a guess at a 
value for k which had not been verified by experiment. 

In this study an attempt has been made to shorten 
the gap between theory and practice by reducing the 
amount of mathematical work involved in applying the 
theory. Since the equations derived are in conformity 
with measured pressure intensities it is believed that 
by the use of these equations the effect of concentrated 
loads can be more accurately predicted than by rule of 
thumb methods. 


















Horizontal Pressures on Retaining Walls Due to Concentrated Surface Loads, 
by M. G. Spangler. Iowa Engineering Experiment Station Bulletin 140, 1938. 
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Figure 8.—TRIAXIAL Test Data For FIL Solin. 
2,984—0 
2d ce a . oe 
0.0235 .0.0001 ~ /26,000 pounds per 


square foot—C. The average modulus C is then taken 


26,000 ; 
as —_- = = 118,000 pounds per square foot. 





lower curve, is 





For p771.97, w= % and 5=0.453, it is seen from 
figure 5 that F=0.73. Then, from equation 18, S; 
(undersoil) =2— an Cree cee 80.73 = 1.46 feet. 





C~ «118,000 

S, within the fill itself is now computed and equation 
11, taking K’=0, is used for this purpose. Assume that 
the lateral pressure is zero from 0’ to 0, figure 6. This 
assumption is on the side of safety. 

The vertical pressure at 0’ is zero whereas at 0 it is 
equal to p or 4,662 pounds per square foot as already 
shown. To be consistent with the procedure followed 
in computing S; in the undersoil, it is assumed that the 
point B on each of the two curves, figure 8, corresponds 
to v—l=v—0=4,662 pounds, the maximum v—l in 


“i Ah —_ 
the fill. Figure 8 shows the v versus = characteristics 


of the compacted fill soil. For the upper curve, figure 8, 
C is computed as 343,000 pounds per square foot and 
for the lower curve its value 398,000 pounds per square 
foot, the average value being 370,000 pounds per 
square foot. Substituting in equation 11, S,/(fill)= 
3w 3X 126 - 

3 =8xX370,000 * 2! X37 =0.18 foot. 

The total settlement due to soil deformation is then 
S, (fill) +S, (undersoil) =0.18+ 1.46=1.64 feet. 

Due to deformation of soil at constant volume, the 
elevation of the roadway is therefore diminished by 
1.64 feet. A considerable part of this settlement would 
most likely occur during construction of the embank- 
ment. To obtain the total settlement, to the settle- 
ment S; must be added the settlement S¢ caused by 
volume changes in the fill and undersoil. 
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rION SOILs. 
COMPUTATION OF Sc ILLUSTRATED 


In figure 9, the voids ratio, e, versus pressure curves 
are shown for the two soils, fill soil and undersoil. The 
initial voids ratios of the undisturbed core samples at 
their natural moisture contents are shown on the e axis 
in this figure. These are the e values prior to making 
the consolidation test. For the foundation soil, the 
initial e is 0.69 and for the fill soil, the initial e is 0.65. 

For computing the settlement Sc, the following 
expression is used, 
€;—ey 


So 
t ere, 


<D (19) 
where é; is the average voids ratio within the thickness 
D of the soil mass prior to its consolidation and e¢, is 
the average voids ratio within the same soil mass when 
consolidation is complete. In this problem, D is the 
height of fill, 37 feet, when computing S¢- within the 
fill and the thickness of the compressible layer of under- 
soil, 100 feet, when computing Sz in the undersoil. 

For the fill, e; is taken as the initial value, 0.65, the 
voids ratio of the soil as compacted in the fill. In com- 
puting e,; for the fill, it is assumed that the compacted 
soil expands at the road surface from e=0.65 to e=0.70, 
as shown in figure 9, this expansion being due to wetting. 
At the base of the fill, the final value of e corresponds to 
the fill load of 4,662 pounds per scuare foot and from 
figure 9, this value of e is 0.57. Then ey, the average 
final value of ¢ is — as =0.635. Then Se (fill) 
0.65—0.635_,- .. 

110.65 37 =0.34 foot. 

For the undersoil, it is assumed that the clay soil is 
consolidated under its own weight prior to fill construc- 
tion. The initial voids ratio of an undisturbed core 
sample taken at the subgrade surface is seen to be 0.69 
from figure 9. At a depth of 100 feet, the vertical pres- 
sure due to overburden is 100 weight per cubic foot 
of undersoil=100128=12,800 pounds per square 
foot, corresponding to an e of 0.52. Therefore, 
_0.69-+0.52 








e:- =0.605, the average e prior to consolida- 


tion under the fill load. After complete consolidation 


under the fill load, e at the point 0, figure 6, corresponds 
to a pressure of 4,662 pounds per square foot. 
value of e, figure 9, is 0.60. 


This 
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At the bottom of the compressible undersoil layer, 
point B, figure 6, the final value of e corresponds to a 
pressure of 12,800 pounds per square foot due to over- 
burden plus the pressure transmitted by the weight of 
the fill. The latter pressure is the product, pf, where 
p=4,662 pounds per square foot and f is obtained from 
figure 4. To find f, remember that RB 0-453 and R= 
1.97 in this problem. Thus pf=4,6620.54=2,517 
pounds per square foot. Then, the total vertical 
pressure at the lower boundary of the compressible 
supporting layer of soil is 12,800+2,517=15,317 
pounds per square foot corresponding to an e of 0.50. 
0.60-+0.50. 


Then e; =—— 0.55, the average e from top to 


9 
bottom of the supporting soil subsequent to complete 
consolidation under the weight of the fill. Using equa- 
0.605 —0.550 ire 

140.605 ~100=3.438 feet. 

The total Seis then Se (fill) +Se¢ (undersoil) =0.34-4 
3.43=3.77 feet and total S; + total So=1.64+3.77= 
5.41 feet. 


tion 19, Se (undersoil) = 


SETTLEMENT RECORDS OF EMBANKMENTS NEEDED 


The purpose of presenting formulas relating to the 
bearing capacities and displacements of soils is to enable 
the engineer to make a reasonably accurate approxima- 
tion. It would be a serious mistake to rely completely 
on any mathematical formula derived from theory and 
assumptions without reference to observations in the 
field and to practical experience. Where the problem 
deals with large earth masses, mathematical expressions 
can at the best only indicate the general trend of phys- 
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ical occurrences. After many years, the proposed for- 
mulas may be modified and accepted or they may be 
completely rejected depending upon the extent to which, 
on trial, they have proved to be serviceable. The 
details in the development of the formulas serve to 
establish and clarify certain fundamental principles and 
conceptions which are often of more value than the 
formulas themselves. 

The theoretical expressions for computing settlement 
caused by lateral displacement, such as equations 11, 
16, and 17 would be expected to be more precise for 
relatively small deformations. As deformations in- 
crease in magnitude one or more points within the soil 
mass may become stressed to a condition characteristic 
of failure while the soil surrounding these points is 
stressed below this limit. As soon as a condition of fail- 
ure is reached anywhere in the soil mass, even though 
it be reached at only one point, the whole system of 
stresses throughout the soil in the loaded region changes 
and the stress-deformation relations expressed by equa- 
tions 11, 16, and 17 cannot be considered as a true 
picture of conditions. However, the true limitations 
of these theoretical expressions which are based on an 
assumption of a strictly linear relationship between 
stress and deformation are not known. With certain 
soils, the relationship may never be linear for stresses 
of any magnitude whatsoever. 

The essential requirement is a correlation of field 
observations with theoretical and laboratory studies. 
Computed settlements such as those presented in the 
example must be checked against observed settlements. 
Theory may serve as a rough guide or crude yardstick 
in promoting more thorough and intelligent field studies. 
This is about the best that can be expected of its use. 
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PUBLIC ROADS 





Vol. 21, No. 9 


DISPOSITION OF STATE MOTOR-CARRIER 
TAX RECEIPTS, 1939 


{Compiled for calendar year from reports of State authorities] 


State 


Alabama. 
Arizona 
Arkansas_ 
California _- 
Colorado 
Connecticut 
Delaware 
Florida 
Georgia- 
Idaho 

Illinois. __- 
Indiana 

Iowa 

Kansas 
Kentucky 
Louisiana 
Maine 
Maryland 
Massachusetts 
Michigan . 
Minnesota 
Mississippi. 
Missouri 
Montana__-_ 
Nebraska - - 
eee 
New Hampshire - - - 


New Jersey --.....-| 


New Mexico 
NOW vern......... 
North Carolina. 
North Dakota 
iT 
Oklahoma.._----- a 
a 
Pennsylvania -_--_- 
Rhode Island - -._-. 
South Carolina 
South Dakota 


. ee 
Washington 

West Virginia 
Wisconsin 
Wyoming___. 
District of Colum- 
bia ; 


Total - 


Net 
total re- 
ceipts 
of eal- 
endar 
year 


1,000 

dollars 
252 

187 

3 

32 
28 
74 


3, 


non S 


c 
337 
86 
60 
(7) 
1, 222 
558 
1, 313 
293 
93 
18 
(*) 
140 
465 
41 
116 


— 


1, 675 
248 


18, 055 


A djust- 


ments 
due to 
undis- 
trib- 
uted 
funds, 
ete.! 


1,000 
dollars 
—59 
—1 
—8 
30 
a 
14 
—19 
-9 


86 


144 
—6 


to 


—6 


—73 | 


76 


~i7 


ue 


16 


I 
_ 
on 
wnt 


228 


Expen- 
Net ses of 
total | collec- 
funds tion 
distrib-| and 
uted ? | admin- 
istra- 
tion 
: | 1,000 
dollars | dollars | 
193 14 
186 37 
3 2 
3, 024 421 
758 127 
266 14 | 
351 73 
67 57 
51 21 
1, 308 106 
558 166 
1, 313 321 
293 53 
93 20 
18 18 
140 45 
502 210 
41 41 
116 34 
938 | 99 
55 | 55 | 
28 28 
225 12 
3 | 3 
94 |. 
120 | 48 | 
365 | 12 
36 36 
598 119 
1, 510 | 130 
1,202} 191 | 
8 | 
11 | 7 
257 68 
615 32 | 
204 42 
115 104 | 
1 1 
330 62 
195 195 
103 
1, 523 251 
253 24 
213 
18,283 | 3,329 


Con- 
struc- 
tion, 
main- 
te- 
nance, 
and 


admin- 


istra- 
tion 3 


1,000 
dollars 
149 
143 

1 

78 
253 


107 


655 


636 
207 


292 


694 


6, 797 


For State highway purposes 


State 
high- 
way 

police 


1,000 
dollars 


6 


18 


227 


F thw: 
For local roads and streets ® For nonhighway 


For purposes 
——_— — -\- other 
Service of State high- _— 
way obligations rotal For pur- 
" perv ice 
for work For of local poses To For 
- State on work “2 (park : 
State . high- ots renere en ~”a- ots 
i Reim- high- | county on _— Potal and — om ; rotat 
8 burse- way and city obliee- forest 
bonds ment | Total pur- local | streets ® tome roads, 
and obliga- poses roads 3 ete.) 
and’ | tions 4 
notes 
1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 
dollars | dollars | dollars dollars | dollars | dollars dollars | dollars, dollars | dollars | dollars | dollars 
149 
149 
l 
78 5 5 2, 520 2, 520 
105 105 376 255 255 
oo 21 2 12 124 124 
10 262 272 6 ( 
3 7 7 
30 
688 397 73 470 44 44 
*392 392 
23 70 93 741 251 251 
211 29 29 
73 7 
95 ) 
292 
*82 82 
6 6 729 26 84 110 
213 
“sy 
72 
96 4 100 353 ( 
297 182 182 
| : 716 64 664 
191 1 192 839 *163 l 164 8 
8 
1 3 
167 22 22 
1 1 561 1 21 21 
103 5 5 1 3 ) 
11 
6 6 266 2 2 
| 
60 60 103 | 
1, 272 1, 272 
7K 
229 : 
213 | 21 
-_— - -_—— owe | - _ —_ - ° — —s | _— 
476 108 584 7, 608 2, 575 192 262 | 3,029 10 4,301 4, 307 


_! Amounts distributed during the calendar year often differ from actual collec- 
tions because of undistributed funds and lag between accounts of collecting and 


expending agencies. 


?In many States the proceeds of highway user taxes are placed in a common 
fund from which a distribution is made. The amounts so distributed have been 
See preceding 


prorated in proportion to the receipts not otherwise dedicated. 


tables 


3 Approximately $106,000 for use on county roads under state control in North 
Carolina included in allotments for State highway purposes. 

4 Reimbursement to counties and local units of government for amounts spent 
on roads now on State system. 


5 In States indicated by star (*) law provides that these funds may also be use: 
for service of local highway obligations. Amounts so used not reported separately 
In Colorado funds may be used on both State and local roads. 

‘This column shows specific allotments for city streets. Where reporte: 
separately, funds allotted for urban extensions of State highway system are i! 
cluded in allotments for State highway purposes. 

7 No special taxes on motor carriers reported. 

* Ton-mile and passenger-mile taxes paid by motor carriers in lieu of registrati 
fees included in motor-vehicle receipts, preceding table. 

* Motor-carrier taxes no longer imposed in Utah. 
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PUBLICATIONS of the PUBLIC ROADS ADMINISTRATION 








Any of the following publications may be purchased from 
the Superintendent of Decuments, Government Printing Office, 
Washington, D. C. As his office is not connected with the 
Agency and as the Agency does not sell publications, please 
send no remittance to the Federal Works Agency. 


ANNUAL REPORTS 


Report of the Chief of the Bureau of Public Roads, 1931. 
10 cents. 

Report of the Chief of the Bureau of Public Roads, 1933. 
5 cents. 

Report of the Chief of the Bureau of Public Roads, 1934. 
10 cents. 

Report of the Chief of the Bureau of Public Roads, 1935. 
5 cents. 

Report of the Chief of the Bureau of Public Roads, 1936. 
10 cents. 

Report of the Chief of the Bureau of Public Roads, 1937. 
10 cents. 

Report of the Chief of the Bureau of Public Roads, 1938. 
10 cents. 

Report of the Chief of the Bureau of Public Roads, 1939. 


10 cents. 


HOUSE DOCUMENT NO. 462 


Part | . Nonuniformity of State Motor-Vehicle Traffic 
Laws. 15 cents. 

Part 2 Skilled Investigation at the Scene of the Acci- 
dent Needed to Develop Causes. 10 cents. 

Part 3 Inadequacy of State Motor-Vehicle Accident 
Reporting. 10 cents. 

Part 4 . Official Inspection of Vehicles. 10 cents. 

Part 5 Case Histories of Fatal Highway Accidents. 
10 cents. 

Part 6 . The Accident-Prone Driver. 10 cents. 


MISCELLANEOUS PUBLICA7IONS 


No. 76MP . . The Results of Physical Tests of Road-Building 
Rock. 25 cents. 


No. I9IMP. . Roadside Improvement. 10 cents. 

No. 272MP. . Construction of Private Driveways. 
No. 279MP. . Bibliography on Highway Lighting. 
Highway Accidents. 10 cents. 

The Taxation of Motor Vehicles in 1932. 35 cents. 
Guides to Traffic Safety. 10 cents. 


Ar, Economic and Statistical Analysis of Highway-Construction 
“xpenditures. 15 cents. 


Hishway Bond Calculations. 10 cents. 
Transition Curves for Highways. 60 cents. 
Highways of History. 25 cents. 


10 cents. 
5 cents. 






DEPARTMENT BULLETINS 
No. 1279D . . Rural Highway Mileage, Income, and Expendi- 


tures, 1921 and 1922. 15 cents. 
No. 1486D . . Highway Bridge Location. 15 cents. 
TECHNICAL BULLETINS 
No. 55T Highway Bridge Surveys. 20 cents. 
No. 265T . Electrical Equipment on Movable Bridges. 


35 cents. 








_ Single copies of the following publications may be obtained 
from the Public Roads Administration upon request. They can- 
not be purchased from the Superintendent of Documents. 


MISCELLANEOUS PUBLICATIONS 


No. 296MP. . Bibliography on Highway Safety. 
House Document No. 272 . . . Toll Roads and Free Roads. 
Indexes to PUBLIC ROADS, volumes 6-8 and 10-19, inclusive. 


SEPARATE REPRINT FROM THE YEARBOOK 
No, 1036Y . . Road Work on Farm Outlets Needs Skill and 
Right Equipment. 
TRANSPORTATION SURVEY REPORTS 
Report of a Survey of Transportation on the State Highway 
System of Ohio (1927). 


Report of a Survey of Transportation on the State Highways 
of Vermont (1927). 


Report of a Survey of Transportation on the State Highways 
of New Hampshire (1927). 


Report of a Plan of Highway Improvement in the Regional 
Area of Cleveland, Ohio (1928). 


Report of a Survey of Transportation on the State Highways 
of Pennsylvania (1928). 


Report of a Survey of Traffic on the Federal-Aid Highway 
Systems of Eleven Western States (1930). 


UNIFORM VEHICLE CODE 





Act I.—Uniform Motor Vehicle Administration, Registration, 
Certificate of Title, and Antitheft Act. 

Act I1.—Uniform Motor Vehicle Operators’ and Chauffeurs’ 
License Act. 

Act III.—Uniform Motor Vehicle Civil Liability Act. 

Act 1V.—Uniform Motor Vehicle Safety Responsibility Act. 


Act V.—Uniform Act Regulating Traffic on Highways. 
Model Traffic Ordinances. 








A complete list of the publications of the Public Roads Ad- 
ministration, classified according to subject and including the 
more important articles in PUBLIC ROADS, may be obtained 
upon request addressed to Public Roads Administration, Willard 
Bldg., Washington, D. C. 
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